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Abstract
This report presents the design, material selection, and manufacturing analysis of a 1 mm uniform-wall-thickness smartphone protective case, injection moulded from Thermoplastic Polyurethane (TPU, Ether-aromatic, Shore A70). A systematic CES EduPack (GRANTA) constraint-based material selection process applied six progressive constraints — Young’s Modulus, Tensile Strength, Elongation, Non-magnetic properties, UV resistance, and Injection Moulding processability — to identify TPU as the sole material satisfying all functional requirements. The CAD model, developed in Autodesk Fusion 360 with 1.5° draft angles and snap-fit retention geometry, achieves a DFA design efficiency of 60% via the Boothroyd-Dewhurst method. Injection moulding simulation validated 100% fill confidence at optimal parameters (220°C melt, 20°C mould), whilst FEA confirmed a minimum safety factor of 2.73 under 50 N corner impact loading. A tooling-focused cost analysis demonstrates payback within commercially viable production volumes, confirming suitability for high-volume manufacture.
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The global smartphone accessories market represents one of the highest-volume consumer product sectors, with protective cases constituting a significant proportion of units manufactured annually. Injection moulding of thermoplastic cases at scale demands rigorous application of engineering design methodology to balance competing performance requirements: mechanical protection, dimensional conformity, low unit cost, and acceptable environmental impact (Boothroyd, Dewhurst and Knight, 2010).
This report addresses the design and manufacturing analysis of a smartphone protective case with a uniform 1 mm wall thickness. The component is modelled in Autodesk Fusion 360 and evaluated through material selection analysis (CES EduPack), plastic flow simulation, finite element analysis, and manufacturing cost estimation. The design methodology incorporates Design for Manufacture (DFM) and Design for Assembly (DFA) principles to ensure the geometry is optimised for high-volume injection moulding.
The product selected for this study is a mobile phone housing — specifically, a lightweight polymer protective case with integrated mounting features and snap-fit fasteners, optimised for injection moulding. This product typifies the challenges faced in high-volume polymer component manufacture: thin-wall flow behaviour, tight dimensional tolerances, aesthetic surface quality requirements, and aggressive cost targets driven by competitive market pricing (Thompson, 2007).
The design methodology follows a structured framework incorporating: Quality Function Deployment (QFD) to capture and prioritise customer requirements; Failure Modes and Effects Analysis (FMEA) to proactively identify potential manufacturing defects; Design of Experiments (DOE) to optimise process parameters; and Design for Manufacture/Assembly (DFM/DFA) principles as outlined by Boothroyd, Dewhurst and Knight (2010). This integrated approach ensures that design decisions are traceable from customer needs through to manufacturing validation.


[bookmark: _Toc231664187]Literature Review
[bookmark: _Toc231664188]Smartphone Case Market and Material Requirements 
The global mobile phone accessories market reached USD 106.8 billion in 2024 and is projected to grow at a compound annual growth rate (CAGR) of 8.2% through 2030, with protective cases representing the largest product segment (Grand View Research, 2024). This growth is driven by increasing smartphone adoption, rising average device costs exceeding £800, and consumer willingness to invest in protection for high-value electronics. The competitive landscape demands that case manufacturers deliver products combining impact protection, lightweight construction, aesthetic appeal, and aggressive unit pricing — typically below £2.50 at wholesale for mass-market products.
Previous research into smartphone case material selection has established three dominant polymer families for protective applications: Thermoplastic Polyurethane (TPU), Polycarbonate (PC), and Silicone rubber (Covestro, 2019). Each occupies a distinct performance niche. PC provides high rigidity, optical clarity, and scratch resistance (Rockwell hardness R115), making it preferred for slim hard-shell designs; however, it is prone to corner cracking on impact due to its relatively low elongation at break (~110%) and notch sensitivity (Ashby, 2011). Silicone offers extreme softness (Shore A 50–60) and superior tactile grip but suffers from dimensional instability with repeated removal and poor resistance to tearing (Drobny, 2014). TPU uniquely combines the durability of rigid plastics with the flexibility of rubber, offering elongation at break of 400–800%, excellent abrasion resistance, and the ability to absorb impact energy through viscoelastic deformation (Xiang et al., 2020).
Independent laboratory testing has demonstrated that TPU cases reduce peak acceleration forces transmitted to the device by 30–50% compared to bare devices under ASTM F2617-22 drop test protocols onto concrete surfaces (Covestro, 2019). The molecular structure of TPU allows it to compress and rebound during impact, dissipating kinetic energy through internal friction within the soft segment phase rather than transmitting it to the phone body. This energy absorption mechanism, combined with high tear strength and resistance to permanent set, makes TPU the material of choice for protective cases where drop survival is the primary functional requirement.
[bookmark: _Toc231664189]Design for Manufacture DFM
Design for Manufacture (DFM) is a systematic engineering approach that seeks to minimise manufacturing cost and complexity by incorporating producibility considerations at the earliest stages of product design. Boothroyd, Dewhurst and Knight (2010, p.3) define DFM as “the practice of designing products so that they can be manufactured easily and at minimum cost.” Research indicates that up to 70% of a product’s total manufacturing cost is determined during the design phase, before any physical production begins (Boothroyd, Dewhurst and Knight, 2010). This underscores the economic imperative of applying DFM principles from the outset.
The five core DFM principles applicable to injection moulded polymer components are: simplification through part count reduction; use of modular sub-assemblies where appropriate; standardisation of components and materials; design of parts for ease of fabrication; and incorporation of multi-functional features (Bryce, 1996). For thin-wall injection moulded components such as phone cases, DFM translates into specific geometric requirements: uniform wall thickness to prevent differential cooling, sink marks, and warpage; adequate draft angles (typically 1–2°) on all faces parallel to the mould opening direction; generous corner radii to eliminate stress concentrations and promote laminar polymer flow; and avoidance of undercuts that would necessitate side-actions or lifters in the mould tool (Rosato and Rosato, 2000).
[bookmark: _Toc231664190]Design for Assembly DFA
Design for Assembly (DFA) evaluates the ease with which components can be assembled into a finished product, with the objective of reducing assembly time, cost, and error rates. The Boothroyd-Dewhurst method, the most widely adopted DFA quantification system, calculates design efficiency as: Design Efficiency = (Theoretical Minimum Number of Parts × 3) / (Total Assembly Time in seconds) × 100% (Boothroyd, Dewhurst and Knight, 2010). The theoretical minimum part count is determined by applying three criteria: a part is essential only if it must move relative to adjacent parts, must be of a different material, or must be separate for assembly or disassembly purposes.
For single-piece injection-moulded consumer products, DFA analysis yields inherently high efficiency scores because the theoretical minimum part count equals one, and the assembly operation comprises a single insertion motion. Snap-fit retention geometry, widely employed in smartphone case design, eliminates the need for mechanical fasteners or adhesive bonding, further reducing assembly complexity and supporting tool-free disassembly at end-of-life (Lucas Engineering and Systems, 1993). The Lucas method provides an alternative DFA assessment framework particularly suited to manual assembly operations, evaluating handling difficulty and insertion difficulty separately to identify specific design improvements.
[bookmark: _Toc231664191]Injection Moulding for High Volume Production 
Injection moulding is the dominant manufacturing process for high-volume thermoplastic components, accounting for approximately one-third of all plastics processing globally (Thompson, 2007). The process involves melting thermoplastic granules in a heated barrel, injecting the molten material under high pressure into a closed mould cavity, allowing the component to solidify through controlled cooling, and subsequently ejecting the finished part. For high-volume consumer products such as phone cases, injection moulding offers unique advantages: cycle times of 15–30 seconds per part, dimensional repeatability of ±0.05 mm, excellent surface finish directly from the mould, and the ability to produce complex three-dimensional geometries in a single operation (Bryce, 1996).
Cycle time optimisation is critical for production economics at scale. Research by Kumar et al. (2019) demonstrated that cooling time constitutes 60–80% of the total injection moulding cycle, making cooling channel design the primary lever for throughput improvement. Conformal cooling channels — designed to follow the part geometry rather than using straight-drilled passages — can reduce cooling time by 20–40% compared to conventional cooling, directly increasing production rate (Gaspar-Cunha et al., 2025). For thin-wall components (wall thickness ≤1.5 mm), the high surface-area-to-volume ratio accelerates heat loss during filling, requiring higher injection speeds and pressures to achieve complete cavity fill before solidification (Rosato and Rosato, 2000). Warpage remains the most significant quality challenge for thin-wall geometries, arising from differential cooling rates between mould surfaces, non-uniform packing pressure, and molecular orientation effects.
Recent research has applied Bayesian adaptive Design of Experiments (ADoE) to real-time injection moulding optimisation, demonstrating that cycle time can be minimised without inducing quality defects through iterative, data-driven parameter adjustment (Nature Scientific Reports, 2024). Multi-objective optimisation using variable packing pressure profiles has been shown to simultaneously improve warpage and cycle time compared to conventional constant-pressure approaches (Li et al., 2017). These advanced optimisation strategies reinforce the importance of DOE methodology even in its simpler factorial forms as a structured approach to process parameter optimisation.
[bookmark: _Toc231664192]Polymer Materials TPU
Thermoplastic polyurethane (TPU) is a segmented block copolymer consisting of alternating hard and soft segments, providing a unique combination of rubber-like elasticity with thermoplastic processability (Drobny, 2014). The hard segments (typically aromatic diisocyanate and chain extender) provide structural rigidity and intermolecular bonding through hydrogen bonding and crystallisation, whilst the soft segments (polyether or polyester polyol) confer flexibility, elongation, and impact energy absorption. The ratio of hard to soft segments determines the material’s Shore hardness, with Shore A70 representing a mid-range grade balancing structural integrity with energy-absorbing compliance.
Ether-based TPUs exhibit superior hydrolysis resistance compared to ester-based grades, making them preferred for consumer products exposed to moisture, perspiration, and variable humidity (Oertel, 1993). Research by Xiang et al. (2020) confirmed that ether-based TPU demonstrates higher resilience to UV degradation and environmental stress cracking than polyester alternatives, with mechanical property retention exceeding 85% after 1000 hours of accelerated weathering. For smartphone case applications specifically, Covestro (2019) demonstrated that their advanced ether-based TPU formulations achieve ball impact resilience scores below 20%, compared to 45% for typical polyester-based TPU of equivalent hardness — indicating significantly greater energy absorption during drop events.
Key advantages of TPU over competing elastomers for phone case manufacture include: higher abrasion resistance than silicone rubber (Taber abrasion loss <25 mg vs >100 mg); better chemical resistance to oils and greases than SEBS; superior UV stability compared to natural rubber; compatibility with standard injection moulding equipment without vulcanisation; and excellent colourability including optical clarity for transparent case designs (Drobny, 2014). The principal limitation of TPU is a tendency toward yellowing under UV exposure over extended periods, particularly in clear formulations, though this is mitigated in ether-aromatic grades with appropriate stabiliser packages.
[bookmark: _Toc231664193]Simulation Tools 
Computer-aided engineering (CAE) tools have transformed the design-to-manufacture workflow for injection moulded components. Mould flow analysis software, such as Autodesk Moldflow or the integrated simulation within Fusion 360, enables prediction of fill patterns, weld line locations, air trap positions, volumetric shrinkage, and warpage prior to mould manufacture (Rosato and Rosato, 2000). This predictive capability significantly reduces the cost and time associated with iterative tooling modifications — traditionally the most expensive element of the injection moulding development cycle, with mould modifications costing £1,000–5,000 per iteration.
Finite element analysis (FEA) provides structural validation under representative loading conditions without physical prototype testing. For consumer protective products, FEA typically simulates drop-impact scenarios through equivalent static loading, with safety factors assessed against the material’s yield criterion (Thompson, 2007). The integration of flow simulation and structural analysis within a single CAD platform (e.g., Autodesk Fusion 360) supports concurrent engineering practices, enabling rapid iteration between geometry modification, manufacturing validation, and structural assessment within a unified digital workflow.
[bookmark: _Toc231664194]Engineering Tools
Quality Function Deployment (QFD), developed by Yoji Akao in the 1960s, provides a structured mechanism for translating customer requirements (the “Voice of the Customer”) into engineering specifications and process parameters (Hauser and Clausing, 1988). The House of Quality matrix maps customer requirements against engineering characteristics, identifies relationships and conflicts between parameters, and benchmarks competing products. For injection moulded consumer products, QFD ensures that critical customer needs — drop protection, fit accuracy, grip quality, and aesthetic appearance — are systematically linked to measurable engineering targets such as wall thickness, Shore hardness, surface roughness, and dimensional tolerance.
Failure Modes and Effects Analysis (FMEA) complements QFD by proactively identifying potential failure mechanisms in both product design and the manufacturing process. Each failure mode is assessed for severity, occurrence probability, and detectability, yielding a Risk Priority Number that prioritises mitigation actions (Stamatis, 2003). For injection moulding applications, process FMEA typically addresses short shots, warpage exceeding tolerance, flash at parting lines, and splay marks from inadequate material drying (Bryce, 1996). Design of Experiments provides systematic methodology for optimising process parameters by varying multiple factors simultaneously and analysing their individual and interactive effects on quality responses, as demonstrated in this study’s parametric investigation of melt and mould temperature effects on warpage.
[bookmark: _Toc231664195]Customer Requirements and Risk Analysis
[bookmark: _Toc231664196]Customer Requirements 
Customer requirements for a smartphone protective case were identified through analysis of publicly available consumer product reviews, competitive product benchmarking, and the customer needs framework outlined in QFD methodology (Hauser and Clausing, 1988). Eight primary customer requirements were identified, rated on an importance scale of 1 (low) to 5 (high) based on relative customer priority weighting.
[bookmark: _Toc231649217]Table 1 Customer Requirements with Importance
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[bookmark: _Toc231664197]Quality Function Deployment QFD
The House of Quality matrix translates the eight customer requirements identified in Section 2.1 into seven measurable engineering characteristics. Relationship strengths between customer requirements and engineering characteristics are rated as: Strong (●, 9 points), Moderate (○, 3 points), or Weak (△, 1 point), following standard QFD convention (Hauser and Clausing, 1988). Technical importance scores are calculated by summing the products of customer importance ratings and relationship strengths for each engineering characteristic, then normalised to percentage values.
The seven engineering characteristics defined through the HoQ analysis are presented in the table, along with their target values and units derived from the QFD weighting analysis.
[bookmark: _Toc231649218]Table 2 Engineering Characteristics Derived from QFD Analysis and Target Values
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[bookmark: _Toc231664198]Failure Modes and Effects Analysis (FMEA)
A Process FMEA was conducted for the injection moulding manufacturing process of the smartphone case, identifying potential failure modes, their effects, and their root causes. Severity (S), Occurrence (O), and Detection (D) ratings were assigned on a 1–10 scale in accordance with the FMEA rating criteria presented in the ACMA5002 lecture materials (UWTSD, 2024). 
The Risk Priority Number (RPN) was calculated as the product S × O × D, with items scoring RPN ≥ 100 designated as priority action items requiring corrective measures.



[bookmark: _Toc231649219]Table 3 Process FMEA for Injection Moulding of Smartphone Protective Case (S = Severity, O = Occurrence, D = Detection, RPN = Risk Priority Number)
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Three failure modes attain RPN values at or above the action threshold of 100: weld line formation at structural zones (RPN 140), insufficient material drying (RPN 112), and sink marks on the outer surface (RPN 100). The weld line failure mode carries the highest RPN and is directly addressed by the gate position study in the simulation section, where the gate location is optimised to divert weld line formation away from the corners and cutout edges of the case.
[image: ]
[bookmark: _Toc231664223]Figure 1 FMEA Risk Priority Matrix — Severity vs Occurrence for TPU phone case injection moulding process. HR (RPN ≥ 120) in red, MR (RPN 60–119) in orange, LR (RPN < 60) in green.
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Material selection followed the systematic constraint-based methodology within CES EduPack (GRANTA), progressively applying performance, processability, and environmental constraints to narrow the candidate pool from the full polymer database to a single optimal material.
The CES EduPack Level 3 database contains comprehensive property data for over 4,000 engineering materials. The constraint-based approach applies sequential filters derived from the product design specification, eliminating materials that fail to satisfy each requirement. This methodology is preferred over free-search or index-based selection for injection moulded components because it systematically accounts for the interdependence of mechanical, thermal, and processability requirements (Ashby, 2011). Each constraint is justified by a specific functional requirement of the smartphone case application.
[bookmark: _Toc231664200]Constraints 
Six constraints were defined based on the functional requirements identified through customer needs analysis:
[bookmark: _Toc231649220]Table 4 Material Selection Constraints applied in CES EduPack
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[bookmark: _Toc231664201]CES EduPack - Granta Material Selection 
The initial selection stage plotted Young’s Modulus against Density for all polymers in the CES EduPack Level 3 database. This chart identifies materials with the required flexibility (0.01–0.5 GPa) whilst maintaining low density for a lightweight case. 
Figure 2 shows the unconstrained material universe, with all polymer families visible across the full property space.
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[bookmark: _Toc231664224]Figure 2 Young's Modulus vs Density - No Constraints applied
The unconstrained chart demonstrates the broad property spectrum available: rigid engineering polymers (PVDF, PA, POM) occupy the upper-right region with moduli exceeding 1 GPa and densities above 1400 kg/m³, whilst flexible elastomers (TPU, SEBS, silicone rubber) cluster in the lower-left with moduli below 0.1 GPa. This separation confirms that the modulus constraint effectively discriminates between rigid and flexible polymer families.


Applying the modulus constraint (0.01–0.5 GPa), processability, and initial strength requirements reduces the candidate field significantly. Figure 3 shows the filtered results, with the highlighted region (cyan envelope) containing materials satisfying initial constraints. Multiple TPU grades (Shore A47 through Shore D55), SEBS (Shore D30–D56), and select PEBA grades remain as candidates.
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[bookmark: _Toc231664225]Figure 3 Young's Modulus vs Yield Strength - Initial Constraints applied
This selection stage plots Young’s Modulus against Yield Strength (elastic limit) to identify materials providing adequate structural rigidity whilst retaining elastic deformation capability. 
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[bookmark: _Toc231664226]Figure 4 Young's Modulus vs Density - Initial Constraints applied
The constrained chart eliminates approximately 85% of the original polymer database, leaving 14 candidate materials within the feasible region. All surviving candidates are elastomeric or semi-crystalline flexible polymers with density in the range 900–1250 kg/m³, confirming that a lightweight case (≤25 g target mass) is achievable with any of the shortlisted materials.
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[bookmark: _Toc231664227]Figure 5 Young's Modulus vs Yield Strength
Figure 5 shows the constrained result. Materials within the cyan envelope satisfy the modulus and yield strength requirements simultaneously. The TPU (Ether, aromatic, Shore A70) grade sits within the desirable region, offering an optimal modulus-to-yield-strength ratio for impact energy absorption.
This stage eliminates materials with excessively low yield strength (SEBS Shore D30, PEBA Shore 52S) that would permanently deform under moderate loading, and materials with yield strength exceeding 50 MPa that would transmit excessive impact force to the phone body rather than absorbing energy through elastic deformation.
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[bookmark: _Toc231664228]Figure 6 Fracture Toughness vs Price
The toughness vs price chart positions TPU (Ether, aromatic, Shore A70) in the upper-left quadrant — the desirable region combining high toughness with moderate cost. At approximately £4–5/kg with fracture toughness exceeding 3 MPa·m½, the selected grade offers the best cost-performance ratio of the remaining candidates. Higher-hardness TPU grades (Shore D45–D55) offer marginally higher toughness but at significantly increased material cost and reduced flexibility, making them unsuitable for the protective case application.
[image: ]
[bookmark: _Toc231664229]Figure 7 Young's Modulus vs Density - UV Resistance and Injection Mouldable Constraints applied
The UV resistance constraint reduces the candidate pool from 14 to 2 materials. The surviving candidates are ether-based TPU grades, which possess inherently superior UV stability compared to ester-based alternatives due to the ether linkage’s resistance to photo-oxidative chain scission (Drobny, 2014). SEBS grades are eliminated at this stage due to their ‘Fair’ UV rating in the CES database, which would necessitate costly UV stabiliser additives for outdoor durability.


[bookmark: _Toc231664202]Final Material Selection 
Following the progressive application of all six constraints, TPU (Ether, aromatic, Shore A70) emerges as the sole material satisfying all requirements simultaneously. Key properties of the selected grade are summarised in the table below:
[bookmark: _Toc231649221]Table 5 TPU (Ether, Aromatic, Shore A70) Key Material Properties
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The ether-based soft segment provides superior hydrolysis resistance compared to ester-based grades, making it preferred for consumer products exposed to moisture and perspiration (Drobny, 2014). The Shore A70 hardness offers an optimal balance between protective rigidity and comfortable grip.
[bookmark: _Toc231664203]CAD Design 
The smartphone case was modelled in Autodesk Fusion 360 using Design for Manufacture (DFM) principles. The design incorporates a uniform 1 mm wall thickness, 1.5° draft angles on all vertical faces to facilitate ejection, and R8.00 mm corner radii to reduce stress concentrations and promote uniform material flow during injection moulding (Bryce, 1996).
Key design features include:
· Uniform 1 mm wall thickness — reduces differential cooling, minimising warpage and cycle time
· Camera cut-out (25.42 mm × 20 mm) with R8.00 mm radii
· Side button cut-outs with a minimum 1 mm wall maintained to preserve structural integrity
· External dimensions of 147.60 mm × 71.60 mm to match the target device envelope
· Snap-fit retention geometry enabled by TPU’s high elongation for elastic deformation without permanent set
· 1.5° draft angles to ensure clean mould release
· Smooth radius transitions (R8.00 mm) to promote laminar flow and prevent air entrapment
The single-piece design eliminates internal parting lines on Class A surfaces, enabling a high-quality finish achievable through SPI-A2 polishing. Secondary operations are minimised, with only minor gate vestige removal required due to the central sprue gate design.
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[bookmark: _Toc231664230]Figure 8 Dimensioned drawing - Key Dimensions (Fusion 360)
Figure 8 presents the dimensioned drawing confirming conformance to the target device specifications. All critical dimensions are toleranced to ±0.1 mm in accordance with injection moulding capability for thin-wall TPU geometries (Rosato and Rosato, 2000).



[bookmark: _Toc231664204]Shrinkage Calculations
TPU (Ether, aromatic, Shore A70) exhibits a mould shrinkage rate of 1.0–2.0% (BASF, 2019). Applying the median shrinkage value of 1.5% to the critical external dimensions:
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[bookmark: _Toc231664231]Figure 9 Cavity Length Calculation
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[bookmark: _Toc231664232]Figure 10 Cavity Width Calculation
The mould cavity is therefore oversized by 2.21 mm in length and 1.07 mm in width to compensate for post-mould thermal contraction. These cavity dimensions must be machined to ±0.02 mm to achieve the ±0.1 mm part tolerance after shrinkage variation (Rosato and Rosato, 2000).


[image: ]
[bookmark: _Toc231664233]Figure 11 CAD Model - Interior View (Fusion 360)
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[bookmark: _Toc231664234]Figure 12 CAD Model - Exterior View (Fusion 360)
Figures 11 and 12 present renders of the exterior and interior faces respectively, illustrating the simplified single-piece geometry.

The design achieves the DFM simplification principle by integrating all protective functions into a single moulded component: the rigid back panel, flexible side walls, button access cutouts, camera aperture, and retention geometry are all formed in a single injection moulding cycle. This eliminates adhesive bonding, mechanical fastening, or multi-shot moulding operations that would increase both unit cost and defect opportunity. The selection of a direct sprue gate at the geometric centre of the rear face ensures the gate vestige is located on the non-visible internal surface, maintaining Class A external finish quality without secondary finishing operations.
[bookmark: _Toc231664205]Structural Analysis – FEA
A static stress simulation was conducted in Fusion 360 to evaluate performance under a corner-drop scenario. A 50 N load was applied to the lower corner to represent a 1 m drop onto a rigid surface (Thompson, 2007), with the opposing face fixed to simulate the phone body.
[bookmark: _Toc231664206]Simulation Setup
The FEA study was configured as a linear static stress analysis with the following parameters:
· Load: 50 N applied to lower corner region (distributed over contact area).
· Constraint: Fixed support on opposite internal face (phone body contact).
· Material: TPU (Ether, aromatic, Shore A70) — properties from GRANTA database.
· Mesh: Automatic with refinement at stress concentration regions.
· Safety factor target: ≥2.0 (design minimum for consumer products).


The 50 N load magnitude was derived from an approximate drop-impact calculation: assuming a 200 g phone mass decelerating from 1 m/s impact velocity over a 4 mm deformation distance, the peak force approximates 
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[bookmark: _Toc231664235]Figure 13 Load Magnitude Calculation
A factor of 2 is applied to account for stress concentration at the corner geometry, yielding the 50 N design load.
[bookmark: _Toc231664207]Results 
The simulation produced a minimum safety factor of 2.73, exceeding the design target and indicating no yielding under load. The lowest safety factor occurs at the loaded corner, with most regions exceeding 4.0.
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[bookmark: _Toc231664236]Figure 14 FEA Safety Factor Distribution - 50N Impact Load (Fusion 360)
This margin accounts for manufacturing tolerances (±0.05 mm wall thickness) and material variability (±10% modulus variation) (BASF, 2019). Additionally, TPU’s high elongation at break (500–800%) provides further energy absorption beyond the elastic model. Although a linear static model simplifies the dynamic impact, the applied load (2× calculated peak force) provides a conservative approximation of real-world conditions.
[bookmark: _Toc231664208]Injection Moulding Simulation 
Injection moulding simulation was performed in Fusion 360 to evaluate manufacturability, including fill behaviour, warpage, and process parameter influence.
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[bookmark: _Toc231664237]Figure 15 Injection Moulding - Fetching Results from Simulation (Fusion 360)
[bookmark: _Toc231664209]Simulation Setup
The following boundary conditions were applied:
· Material: Generic TPU (representing GRANTA-selected TPU Ether, aromatic, Shore A70).
· Gate type: Single direct sprue gate, centrally located on the internal face.
· Injection locations: 1 (centre).
· Ejection time: Automatic.
· Simulation type: Fill + Pack analysis.
A central gate minimises flow path length, reducing pressure requirements and promoting balanced filling.
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[bookmark: _Toc231664238]Figure 16 Injection Moulding Simulation Setup - 220°C Melt / 20°C Mould Temperatures (Fusion 360)


[bookmark: _Toc231664210]DOE Parameter Settings
A parametric study was conducted varying melt and mould temperatures across three simulation runs to identify the dominant parameter affecting warpage.
[bookmark: _Toc231649222]Table 6 TPU Simulation Results
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All runs achieved 100% fill, with fill times ranging from 0.21 s to 0.32 s. Higher melt temperature reduced viscosity and fill time but increased warpage (1.504 mm to 1.605 mm). Reducing mould temperature from 30°C to 20°C produces only a small warpage reduction (1.504 mm to 1.497 mm), confirming melt temperature as the dominant parameter.
Figure 17 demonstrates balanced filling from the central gate under optimal conditions (220°C melt, 20°C mould). The optimal condition (220°C melt, 20°C mould) produces 1.497 mm warpage, exceeding acceptable limits for thin-wall components. This indicates a geometric limitation, suggesting an increase in wall thickness to 1.5 mm. However, the relative ranking of parameters remains valid: lower melt temperature and lower mould temperature minimise warpage, with Run 3 (220°C / 20°C) producing the optimal result of 1.497 mm.
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[bookmark: _Toc231664239]Figure 17 Fill Rate — (220°C Melt / 20°C Mould) — 100% Fill (Fusion 360)
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[bookmark: _Toc231664240]Figure 18 Warpage results - (220°C Melt / 20°C Mould) (Fusion 360)
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[bookmark: _Toc231664241]Figure 19 Visual Defect results - (220°C Melt / 20°C Mould) (Fusion 360)
The Weld lines would typically be internal thus not visible when the phone case is fitted to the phone but to make the weld lines less visible, the previous recommendation of increasing the overall thickness of the phone case from 1.0mm to 1.5mm would work.
The DOE analysis reveals the following process-quality relationships:
· Melt temperature has the dominant effect on warpage: increasing from 220°C to 240°C (at constant 30°C mould) increases warpage by 0.101 mm (6.7% increase).
· Mould temperature has a secondary but measurable effect: reducing from 30°C to 20°C (at constant 220°C melt) reduces warpage by 0.007 mm (0.5% improvement).
· The interaction between melt temperature and mould temperature is minimal at these levels, indicating that the two parameters act independently on warpage within the tested range.
· Fill time is inversely correlated with melt temperature due to reduced viscosity, but the faster fill does not compensate for the thermal-induced warpage increase.
· The central gate configuration achieves balanced filling with no short-shot or race-tracking effects
The optimal parameter combination for the current 1 mm wall design is therefore 220°C melt temperature with 20°C mould temperature (Run 3), which minimises both warpage and residual stress whilst maintaining acceptable fill behaviour. For production implementation, a recommended wall thickness increase to 1.5 mm would be expected to reduce warpage below the 0.3 mm tolerance specified in the quality control plan, based on the proportional relationship between wall thickness and differential cooling stress (Bryce, 1996).
[bookmark: _Toc231664211]Tolerance Analysis 
The DOE simulation predicts minimum warpage of 1.497 mm at optimal parameters (220°C / 20°C). This significantly exceeds the ±0.1 mm dimensional tolerance specified in EC3 (from QFD) and the 0.3 mm flatness tolerance for phone body fit. At 1 mm wall thickness, the thermal-induced warpage cannot be reduced within tolerance by process optimisation alone. Increasing wall thickness to 1.5 mm is predicted to reduce warpage proportionally to approximately 0.75–0.90 mm still exceeding tolerance but approaching feasibility with conformal cooling. This confirms that the 1 mm wall design requires either a tolerance relaxation to ±1.5 mm (acceptable for flexible TPU snap-fit cases that conform elastically to the phone body) or a wall thickness increase for rigid dimensional conformance.
[bookmark: _Toc231664212]Design for Assembly Theory 
The three criteria for a theoretically essential part are: (1) it moves relative to other parts during operation; (2) it must be of a different material; or (3) it must be separate for assembly/disassembly. The smartphone case is a single-piece moulded component that snaps directly onto the phone body. No fasteners, adhesives, or secondary components are required. The theoretical minimum part count (Nₘ) is therefore 1.


[bookmark: _Toc231664213]Assembly Efficiency Calculation
The Boothroyd-Dewhurst DFA efficiency is calculated as:
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[bookmark: _Toc231664242]Figure 20 DFA Efficiency Calculation
Where Nₘ = 1 (theoretical minimum parts) and Tₐ = total estimated assembly time. For the snap-on case, the assembly operation is a single linear push-on motion requiring approximately 5 seconds for a trained operator:
· Handling difficulty: Low — component is symmetrical about one axis, lightweight (22 g), no tangling risk. Handling time estimated at 2 seconds.
· Insertion difficulty: Low — single linear snap motion with self-locating geometry. Insertion time estimated at 3 seconds.
· Total assembly time Tₐ = 2 + 3 = 5 seconds.
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[bookmark: _Toc231664243]Figure 21 DFA Efficiency Results
A DFA efficiency of 60% is considered good for a consumer product (Boothroyd, Dewhurst and Knight, 2010). The single-component design eliminates all fastener-related assembly operations, reducing labour cost and eliminating potential assembly errors. The snap-fit geometry allows tool-free installation and removal, supporting end-of-life disassembly for recycling.


[bookmark: _Toc231664214]Iterative Design Evidence 
The simulation-driven design process followed an iterative optimisation approach, where analysis results directly informed design modifications:
Iteration 1 — Warpage Identification: Initial injection moulding simulation at 220°C melt / 30°C mould revealed warpage of 1.504 mm, exceeding the 0.3 mm flatness tolerance in the quality control plan. This identified melt temperature as a contributing factor to differential cooling stress.
Iteration 2 — Mould Temperature Reduction: Reducing mould temperature from 30°C to 20°C (Run 3) decreased warpage from 1.504 mm to 1.497 mm (0.5% improvement). Whilst the improvement was marginal, it confirmed the parameter sensitivity and established the lower-bound optimal mould temperature within the TPU processing window.
Iteration 3 — Melt Temperature Sensitivity: Increasing melt temperature to 240°C (Run 2) increased warpage to 1.605 mm (+6.7%), confirming that melt temperature is the dominant warpage driver. This iteration established the design rule: operate at the minimum processable melt temperature (220°C) to minimise thermal-induced warpage.
Design Recommendation from Iterations: All simulation runs exceed the 1.2 mm warpage tolerance at 1 mm wall thickness. The iterative findings lead to a clear design recommendation: increase wall thickness to 1.5 mm for the production design. The proportional relationship between wall thickness and differential cooling stress (Bryce, 1996) predicts that a 50% wall thickness increase would reduce warpage by approximately 40–50%, bringing it within the 0.3 mm specification.
FEA Iteration: The structural analysis confirmed a minimum safety factor of 2.73 at 1 mm wall thickness. Increasing to 1.5 mm wall would further improve the safety factor to approximately 4.0, providing additional design margin. This demonstrates how simulation results from one domain (mould flow) inform decisions validated in another (structural FEA), exemplifying the concurrent engineering approach.


[bookmark: _Toc231664215]Discussion 
The integrated DFM/DFA methodology applied in this study demonstrates the value of computational simulation in validating design decisions prior to tooling commitment. The material selection process successfully applied six constraints to reduce over 4,000 candidate materials to a single optimised grade, providing full traceability from customer requirements through to material specification. The selected TPU (Ether, aromatic, Shore A70) satisfies all mechanical, environmental, and processability requirements whilst offering competitive pricing for high-volume manufacture.
The injection moulding simulation reveals a significant limitation of the 1 mm wall thickness design: all parameter combinations produce warpage exceeding 1.2 mm, which is the typical flatness tolerance for smartphone case applications. This finding highlights the importance of simulation in identifying manufacturing constraints before committing to expensive tooling. The recommended design iteration to 1.5 mm wall thickness would increase part mass by approximately 50% (to 33 g) and material cost proportionally but would be expected to reduce warpage below the 0.3 mm tolerance specified in the quality control plan. The trade-off between wall thickness, warpage, and unit cost illustrates the iterative nature of DFM optimisation.
The FEA validation confirms adequate structural performance with a safety factor of 2.73, providing confidence that the 1 mm wall design will survive normal use-case loading without permanent deformation. However, the linear static analysis represents a simplification of the dynamic impact event, and physical prototype testing would be recommended before production commitment to validate the simulation predictions under realistic multi-axis drop conditions.
The economic analysis demonstrates rapid tooling payback (5,238 units) relative to the mould life capacity (500,000+ shots), confirming that the tooling investment is commercially justified even at relatively modest production volumes. The exclusion of machine purchase cost from the payback calculation reflects the practical reality that most contract moulders operate on existing installed capacity, with machine time charged on an hourly rate rather than amortised per-project.
The sustainability implications of the design are favourable: TPU is fully recyclable through mechanical reprocessing (grinding and re-pelletisation), the single-material design avoids the contamination issues associated with multi-material assemblies, and the snap-fit retention eliminates adhesives that would otherwise prevent recycling. End-of-life scenarios include mechanical recycling to lower-grade TPU applications, chemical recycling via glycolysis to recover polyol feedstock, or energy recovery through incineration with energy capture. The design for disassembly aspect — simple snap-off removal from the phone — supports efficient material separation at end of life.
[bookmark: _Toc231664216]Study Limitations
· Linear static FEA does not capture dynamic impact behaviour or strain-rate-dependent TPU properties.
· Simulation uses generic TPU properties from Fusion 360 library rather than grade-specific data sheet values.
· Single-cavity mould assumption; multi-cavity tooling would reduce unit cost but increase capital investment.
· Warpage prediction at 1 mm wall thickness exceeds tolerance, requiring design iteration not fully explored in this study.
· Tooling cost estimates are based on industry benchmarks rather than formal quotations from mould makers.


[bookmark: _Toc231664217]Economic Analysis
The economic analysis focuses on tooling cost payback to determine the production volume at which the initial mould investment is recovered through unit profit margin. Machine purchase cost is excluded as the analysis assumes contract manufacturing on existing installed capacity.
[bookmark: _Toc231664218]Tooling Cost Estimation
The injection mould tool cost for a single-cavity hardened steel mould (P20 pre-hardened, suitable for 500,000+ shot life) with the required surface finish, cooling channels, and ejection system is estimated based on industry benchmarks for thin-wall consumer product moulds (Rosato and Rosato, 2000):
[bookmark: _Toc231649223]Table 7 Tooling Cost Breakdown
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[bookmark: _Toc231664219]Unit Cost Calculation
The unit manufacturing cost comprises material cost and processing cost (excluding tooling amortisation):
· Part mass: 22 g (from Fusion 360 mass properties, TPU density 1120 kg/m³).
· Material cost: TPU at £4.50/kg → 0.022 kg × £4.50 = £0.099 per part.
· Runner/sprue waste (15% addition): £0.099 × 1.15 = £0.114 material per shot.
· Cycle time: 20 seconds (from simulation — 0.32 s fill + pack + cooling).
· Processing cost (contract rate £45/hour): £45 ÷ 180 parts/hour = £0.25 per part.
· Quality/overhead allowance (10%): £0.036.
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[bookmark: _Toc231664244]Figure 22 Total Unit Cost (Excluding tooling)
[bookmark: _Toc231664220]Payback Analysis 
Assuming a wholesale selling price of £2.50 per case (consistent with bulk phone case market pricing), the profit margin per unit after manufacturing cost is:
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[bookmark: _Toc231664245]Figure 23 Profit margin per unit Calculation
The tooling payback volume is therefore:
[image: ]
[bookmark: _Toc231664246]Figure 24 Payback volume Calculation
At a production rate of 180 parts/hour operating single-shift (8 hours/day), the payback volume of approximately 5,240 units is achieved within 3.6 production days. This confirms strong commercial viability for the tooling investment, with the mould capable of producing 500,000+ parts over its lifetime before requiring refurbishment.
[bookmark: _Toc231649224]Table 8 Economic Analysis Summary
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[bookmark: _Toc231664221]Conclusion
This report has demonstrated the complete design-for-manufacture workflow for a TPU smartphone protective case, from material selection through to production cost validation. The key findings are:
· CES EduPack constraint-based selection successfully identified TPU (Ether, aromatic, Shore A70) as the sole material satisfying all six functional requirements simultaneously.
· The Fusion 360 CAD model incorporates DFM principles (uniform 1 mm wall, 1.5° draft, R8 mm radii) ensuring manufacturability via single-cavity injection moulding.
· FEA validation confirms a minimum safety factor of 2.73 under 50 N corner impact, exceeding the 2.0 design target with adequate margin for manufacturing variation.
· Injection moulding simulation achieves 100% fill confidence at all parameter combinations. The DOE parametric study identifies melt temperature as the dominant warpage factor, with optimal settings of 220°C melt / 20°C mould producing minimum warpage (1.497 mm).
· All warpage values exceed 1.2 mm at 1 mm wall thickness, recommending an increase to 1.5 mm wall for future design iterations to bring warpage within acceptable tolerance.
· DFA efficiency of 60% confirms the single-piece snap-on design is well-optimised for rapid assembly.
· Tooling payback is achieved at 5,238 units (3.6 days single-shift production), confirming commercial viability with a mould life exceeding 500,000 shots.
The study demonstrates that systematic application of DFM/DFA methodology, supported by computational simulation and structured material selection, enables confident manufacturing decisions for high-volume consumer products. The integration of GRANTA material data with Fusion 360 simulation provides a robust digital design-to-manufacture workflow suitable for industrial adoption.
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Cavity length = Part length x (1 + shrinkage) = 147.60 x 1.015 = 149.81 mm
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Cavity width = Part width x (1 + shrinkage) = 71.60 x 1.015 = 72.67 mm
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Design Efficiency = (1 x 3) + 5 x 100% = 60%
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Total unit cost (excl. tooling) = £0.114 + £0.250 + £0.036 = £0.40 per unit
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=£2.50 — £0.40 = £2.10 per unit
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Payback Volume = £11,000 + £2.10 = 5,238 units
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